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FIG. 18
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(40, -40)
~———
44.98°
REFLECTION
SURFACE 1B
COORDINATES

OF Tx: (0, -100, 10)
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FIG. 44

COORDINATES OF
REFLECTION | REFLECTION POINT :

SURFACE 1A | (40.08, 0)

45.00°
COORDINATES OF VRX8 -
(68.29, -28.29)
COORDINATES OF Rx :
- (40, -40)
45.00° ROTATION ANGLE 45.00°
REFLECTION FROM VIRTUAL RECEPTION
SURFACE 1B POINT VRx8 TO ORIGINAL
COORDINATES RECEPTION POINT RX
OF TX :

(0,-100, 10)
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FIG. 47
COORDINATES OF
REFLECTION | REFLECTION POINT

SURFACE 1A | (56.04,0)

COORDINATES
OF VRx1: (61.01, -4.28)

(8]

]
COORDINATES
OF Rx : (30, -40)
-
40.75°
REFLECTION
SURFACE 1B
COORDINATES OF Tx :
(0, -100, 10)
FIG. 48
COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (44.76,0)
4633°
u COORDINATES OF VRX2 :
COORDINATES ) '
T (8472, -38.15)
-l
4367
REFLECTION
SURFACE 1B
COORDINATES OF Tx :

(0, -100, 10)
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FIG. 49
COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (47.64,0)

47.31°
COORDINATES OF VRx3 :
. (77.30, -27.55, 10)
COORDINATES
OF Rx (30, -40)
D
42.89°
REFLECTION
SURFACE 1B
COORDINATES OF T
(0, -100, 10)
FIG. 50
COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (4686, 0)
46.90°
- COORDINATES OF VRx4
COORDINATES (79.20, -30.26)
OF RX.
(30, -40)
~——
43.10°
REFLECTION
SURFACE 1B
COORDINATES
OF Tx.

(0,-100, 10)
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FIG. 51
COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (47.07,0)
46.96°
COORDINATES OF VRx5 :
. (78.68, -29.52, 10)
COORDINATES
OF Rx:
(30, -40)
e
43.04°
REFLECTION
SURFACE 1B
COORDINATES
OF Tx :
(0, 100, 10)
FIG. 52
COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (47.01,0)
46.04°
- COORDINATES OF VRX6 :
COORDINATES (78.82,-28.72,10)
OF Rx : (30, -40)
e —
43.06°
REFLECTION
SURFACE 1B
COORDINATES
OF Tx:

(0,-100, 10)
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FIG. 53 \

COORDINATES OF
REFLECTION | REFLECTION POINT :
SURFACE 1A | (47.03,0)

46.94°
COORDINATES OF VRx7 ;
- (78.78, -29.67)
COORDINATES
OF Rx:
(30, -40)
-
43.06°
REFLECTION
SURFACE 1B
COORDINATES
OF Tx:
(0, -100, 10)
FIG. 54
COORDINATES OF

REFLECTION | REFLECTION POINT :
SURFACE 1A | (47.03, 0)

COORDINATES OF VRx7 :
(78.78, -29.67)
COORDINATES OF Rx:
(30, -40)
ROTATION ANGLE 70.00°
I FROM VIRTUAL RECEPTION
POINT VRx8 TO ORIGINAL
RECEPTION POINT RX
REFLECTION
SURFACE 1B
COORDINATES OF Tx :

(0, -100, 10)
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1
PROPAGATION PATH ESTIMATION
METHOD AND PROGRAM AND APPARATUS
USING THE SAME

TECHNICAL FILED

The present invention relates to a propagation path estima-
tion method, program and apparatus.

More particularly, the present invention relates to a unit
configured to analyze a scatterer not making a specular reflec-
tion in an analysis such as GO and GTD using a geometric-
optical model, a ray tracing analysis and an analysis using an
imaging method.

BACKGROUND ART

Conventionally, an analysis method using a geometric-
optical model is widely known as a method for analyzing the
propagation characteristics of radio wave (for example, see
Non-Patent Document 1).

FIG. 1 shows a method for obtaining a radio wave propa-
gation path by a conventional ray trace method.

As shown in FIG. 1, the conventional ray trace method
includes three steps. The first step determines an image point
T' of a transmission point T with respect to a wall surface 1
and then determines an image point T" of the image point T'
with respect to a wall surface 2.

Inthe second step, T" and a reception point R are connected
to each other with a straight light, and a point where the
straight line and the wall surface 2 intersect to each other is
obtained. The intersection point thus obtained is a reflection
point X2 on the wall surface 2.

In the third step, the reflection point X2 on the wall surface
2 and T' are connected to each other with a straight line to
obtain a reflection point X1 on the wall surface 1.

In this case, the propagation distance takes the same value
as a length of the straight line connecting T" and the reception
point R to each other. The electric field intensity at the recep-
tion point R can be obtained using the propagation distance.

FIG. 2 shows a conventional method for obtaining the
propagation paths of a transmitted wave and a reflected wave
(for example, see Non-Patent Document 2).

Further, Patent Document 1 discloses a method for esti-
mating propagation characteristics for a case in which a trans-
mission direction is other than a rectilinear direction, and a
reflection direction is other than a specular reflection direc-
tion.

PRIOR ART DOCUMENTS
Patent Document

Patent Document 1: Japanese Patent Application Publication
No. 2009-168534

Non-Patent Documents

Non-Patent Document 1: Yoshio Hosoya, “DENPA DEN-
PAN HANDBOOK (Radiowave Propagation Handbook),”
p- 234-245, Realize Inc.

Non-Patent Document 2: “EEM-RTM RIRON SET-
SUMEISHO,” JOUHOUSUURI KENKYUSHO, http://
www.imslab.co.jp/R Product/eem/doc/rtm_theory.pdf

Non-Patent Document 3: L. Li, Q. Chen, Q. Yuan, K. Sawaya,
T. Maruyama, T. Furuno and S. Uebayashi, “Miscrostrip
Reflectarray Using Crossed-Dipole with Frequency Selec-
tive Surface of Loops” ISAP2008, TP-C05, 1645278,2008
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Non-Patent Document 4:T. Maruyama, T. Furuno and S.
Uebayashi: “Experiment and Analysis of Reflect Beam
Direction Control using a Reflector having Periodic
Tapered Mushroom-like Structure,” 1SAP2008, MO-IS1,
1644929, p. 9, 2008

SUMMARY OF THE INVENTION

In the methods mentioned above, however, the travel direc-
tion of the reflected wave is limited to a specular reflection
direction (normal reflection direction), and the travel direc-
tion of the transmitted wave is limited to a rectilinear direc-
tion, as shown in FIG. 1 and FIG. 2.

Accordingly, the above methods have not been capable of
analyzing propagation characteristics of scattering in a direc-
tion other than the specular reflection direction and propaga-
tion characteristics with refraction of a medium taken into
account.

FIG. 3 shows an example of the propagation path of scat-
tering in a direction other than the specular reflection direc-
tion.

InFIG. 3, awall surface 3 and a wall surface 4 are scatterers
not causing reflection in the specular reflection direction (for
example, a directional scatterer such as a reflectarray). The
reflected wave scatters in a direction different from the specu-
lar reflection direction. On the wall surface 3, radio wave
incident from an incident direction A1° scatters in a reflection
direction A2° at a reflection point x3. On the wall surface 4,
radio wave incident from an incident direction B1° scatters in
a reflection direction B2° at a reflection point x4.

As aresult of obtaining the path of the radio wave for the
above case by using a conventional imaging method, the
reflection point on the wall surface is x2, which is different
from the reflection point x4. This indicates that the reflection
point on the wall surface 4 cannot be obtained by the conven-
tion method shown in FIG. 1. Accordingly, the conventional
imaging method has a problem that the propagation path
cannot be calculated by using a mirror image.

Meanwhile, in recent years, there have been reported appli-
cation examples using a reflectarray or metamaterial as a
directional scatterer for improvement of the propagation
environment (Non-Patent Documents 3 and 4).

Analyzing propagation characteristics of radio wave when
the directional scatterer exists in a propagation path of the
radio wave between the transmission point T and the recep-
tion point R is important in analyzing effects of improving the
propagation environment, but the analysis has been difficult
with a conventional ray trace method.

In contrast, the method disclosed in Patent Document 1 can
estimate the propagation path by using an algorithm of
obtaining a path and deleting the path, but cannot estimate the
propagation path only on the basis of the structure thereof
before the analysis. Hence, the method has a drawback of
needing the calculation more frequently.

The present invention has been made to solve the problems
mentioned above. Itis an objective of the present invention to
provide a propagation path estimation method, program and
apparatus that are capable of estimating a propagation path in
a propagation analysis model including a directional scat-
terer, and of performing a ray trace analysis or an analysis
applying geometric-optical model.

The first feature of the present invention is summarized in
that a propagation path estimation method using an imaging
method, the method comprising a step of, in a case where a
structure which causes reflection and scattering in a different
direction (8-m))° from a specular reflection direction 6° exists
ona propagation path from a transmission pointto a reception
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point RX of the radio wave, calculating a virtual reception
point VRX by rotating the reception point RX by n° about a
rotation center point O, and estimating the propagation path
by using the virtual reception point VRX.

The second feature of the present invention is summarized
in that a propagation path estimation method using an imag-
ing method, the method comprising a step of, in a case where
a structure which causes reflection and scattering in a differ-
ent direction (8-1)° from a specular reflection direction 6°
exists on a propagation path from a transmission point to a
reception point RX of the radio wave, calculating a virtual
transmission point VIX by rotating the transmission point
TX by m° about a rotation center point, and estimating the
propagation path by using the virtual transmission point
VTX.

The third feature of the present invention is summarized in
that a propagation path estimation method comprising the
steps of: in a case where radio wave is reflected or scattered by
a first structure which reflects and scatters the radio wave in a
different direction (6-m)° from a specular reflection direction
0°, and then is reflected or scattered by a second structure
which reflects and scatters the radio wave in the specular
reflection direction 6°, calculating a first image point of a
transmission point with respect to the first structure and cal-
culating a second image point of the first image point with
respect to the second structure by using an imaging method;
calculating a virtual reception point by rotating a reception
point by 1° about a rotation center point O; and estimating a
propagation path by using the second image point and the
virtual reception point.

The fourth feature of the present invention is summarized
in that a propagation path estimation method comprising the
steps of: in a case where radio wave is reflected or scattered by
a first structure which reflects and scatters the radio wave in a
specular reflection direction 8°, and then is reflected or scat-
tered by a second structure which reflects and scatters the
radio wave in a different direction (6-m)° from the specular
reflection direction 6°, calculating a virtual reception point by
rotating a transmission point by n° about a rotation center
point O; calculating a first image point of the virtual trans-
mission point with respect to the first structure and calculat-
ing a second image point of the first image point with respect
to the second structure by using an imaging method; and
estimating a propagation path by using the second image
point and a reception point.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram for explaining a method for obtaining
the propagation path of radio wave by a conventional ray
tracing method.

FIG. 2 shows a conventional method for obtaining the
propagation path of a transmitted wave and a reflected wave.

FIG. 3 is a diagram for explaining problems of the conven-
tional method.

FIG. 4 is a diagram for explaining a propagation path
estimation method according to a first embodiment of the
present invention.

FIG. 5 is a flowchart for explaining the propagation path
estimation method according to the first embodiment of the
present invention.

FIG. 6 is a diagram for explaining a propagation path
estimation method according to a second embodiment of the
present invention.

FIG. 7 is a diagram for explaining a propagation path
estimation method according to a third embodiment of the
present invention.
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FIG. 8 is a diagram for explaining the propagation path
estimation method according to the third embodiment of the
present invention.

FIG. 9 is a flowchart for explaining the propagation path
estimation method according to the third embodiment of the
present invention.

FIG. 10 is a diagram for explaining a propagation path
estimation method according to a fourth embodiment of the
present invention.

FIG. 11 is a diagram for explaining a propagation path
estimation method according to a fifth embodiment of the
present invention.

FIG. 12 is a flowchart for explaining the propagation path
estimation method according to the fifth embodiment of the
present invention.

FIG. 13 is a diagram for explaining a propagation path
estimation method according to a sixth embodiment of the
present invention.

FIG. 14 is a diagram for explaining the propagation path
estimation method according to the sixth embodiment of the
present invention.

FIG. 15 is a flowchart for explaining the propagation path
estimation method according to the sixth embodiment of the
present invention.

FIG. 16 is a diagram for explaining a propagation path
estimation method according to a seventh embodiment of the
present invention.

FIG. 17 is a diagram for explaining a propagation path
estimation method according to an eighth embodiment of the
present invention.

FIG. 18 is a diagram for explaining a propagation path
estimation method according to a ninth embodiment of the
present invention.

FIG. 19 is a diagram for explaining a propagation path
estimation method according to a tenth embodiment of the
present invention.

FIG. 20 is a diagram for explaining a propagation path
estimation method according to an eleventh embodiment of
the present invention (before rotation of reception point).

FIG. 21 is a diagram for explaining the propagation path
estimation method according to the eleventh embodiment of
the present invention (first 45-degree rotation).

FIG. 22 is a diagram for explaining the propagation path
estimation method according to the eleventh embodiment of
the present invention (second 45-degree rotation).

FIG. 23 is a diagram for explaining the propagation path
estimation method according to the eleventh embodiment of
the present invention (second 45-degree rotation).

FIG. 24 is a diagram for explaining the propagation path
estimation method according to the eleventh embodiment of
the present invention (third 45-degree rotation).

FIG. 25 is a diagram for explaining the propagation path
estimation method according to the eleventh embodiment of
the present invention (third 45-degree rotation).

FIG. 26 is a diagram showing a convergence state of the
distance up to a reflection point by the propagation path
estimation method according to the eleventh embodiment of
the present invention.

FIG. 27 is a diagram for explaining a propagation path
estimation method according to a twelfth embodiment of the
present invention (before rotation of reception point).

FIG. 28 is a diagram for explaining the propagation path
estimation method according to the twelfth embodiment of
the present invention (first 70-degree rotation).

FIG. 29 is a diagram for explaining the propagation path
estimation method according to the twelfth embodiment of
the present invention (first 70-degree rotation).



US 9,337,942 B2

5

FIG. 30 is a diagram for explaining the propagation path
estimation method according to the twelfth embodiment of
the present invention (second 70-degree rotation).

FIG. 31 is a diagram for explaining the propagation path
estimation method according to the twelfth embodiment of
the present invention (fifth 70-degree rotation).

FIG. 32 is a diagram showing a convergence state of the
distance up to a reflection point by the propagation path
estimation method according to the twelfth embodiment of
the present invention.

FIG. 33 is a diagram for explaining a propagation path
estimation method according to a thirteenth embodiment of
the present invention (before rotation of reception point).

FIG. 34 is a diagram for explaining the propagation path
estimation method according to the thirteenth embodiment of
the present invention (first).

FIG. 35 is a diagram for explaining the propagation path
estimation method according to the thirteenth embodiment of
the present invention (first).

FIG. 36 is a diagram for explaining the propagation path
estimation method according to the thirteenth embodiment of
the present invention (second).

FIG. 37 is a diagram for explaining the propagation path
estimation method according to the thirteenth embodiment of
the present invention (sixth, after convergence).

FIG. 38 is a diagram showing a convergence state of the
distance up to a reflection point by the propagation path
estimation method according to the thirteenth embodiment of
the present invention.

FIG. 39 is a diagram for explaining a propagation path
estimation method according to a fourteenth embodiment of
the present invention (first, 45-degree rotation).

FIG. 40 is a diagram for explaining the propagation path
estimation method according to the fourteenth embodiment
of the present invention (second, 45-degree rotation).

FIG. 41 is a diagram for explaining the propagation path
estimation method according to the fourteenth embodiment
of the present invention (third, 45-degree rotation).

FIG. 42 is a diagram for explaining the propagation path
estimation method according to the fourteenth embodiment
of the present invention (fourth, 45-degree rotation).

FIG. 43 is a diagram for explaining the propagation path
estimation method according to the fourteenth embodiment
of the present invention (fifth, 45-degree rotation).

FIG. 44 is a diagram for explaining the propagation path
estimation method according to the fourteenth embodiment
of the present invention (eighth, 45-degree rotation).

FIG. 45 is a diagram showing a convergence state of the
reflection point by the propagation path estimation method
according to the fourteenth embodiment of the present inven-
tion.

FIG. 46 is a diagram showing a convergence state of the
reflection point difference by the propagation path estimation
method according to the fourteenth embodiment of the
present invention.

FIG. 47 is a diagram for explaining a propagation path
estimation method according to a fifteenth embodiment of the
present invention (first, 70-degree rotation).

FIG. 48 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (second, 70-degree rotation).

FIG. 49 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (third, 70-degree rotation).

FIG. 50 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (fourth, 70-degree rotation).
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FIG. 51 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (fifth, 70-degree rotation).

FIG. 52 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (sixth, 70-degree rotation).

FIG. 53 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (seventh, 70-degree rotation).

FIG. 54 is a diagram for explaining the propagation path
estimation method according to the fifteenth embodiment of
the present invention (after convergence, 70-degree rotation).

FIG. 55 is a diagram showing a convergence state of the
reflection point difference by the propagation path estimation
method according to the fifteenth embodiment of the present
invention.

FIG. 56 is a diagram showing a convergence state of the
reflection point difference by the propagation path estimation
method according to the fifteenth embodiment of the present
invention.

MODES FOR CARRYING OUT THE INVENTION
First Embodiment of the Present Invention

A propagation path estimation method according to a first
embodiment of the present invention is described with refer-
ence to FIG. 4 and FIG. 5.

FIG. 4 shows an example in which radio wave incident
from an incident direction 6,° to a reflectarray K scatters in a
direction rotated by n° from a specular reflection direction 0,°
of the reflectarray K toward a normal line to a reflection
surface 1A of reflectarray K passing a reflection point RP.

In the present description, the incident direction is defined
by the incident angle, and the reflection direction is defined by
the reflection angle. In FIG. 4, 8,°=6,°.

In Step S101, any point on the reflection surface 1A ofthe
reflectarray K is selected as a rotation center point O as shown
in FIG. 4 and FIG. 5.

In Step S102, a virtual reception point VRX is calculated
by rotating the reception point RX by 1° about the rotation
center point O toward a normal direction to the reflection
surface 1A ofthe reflectarray K passing a reflection point RP.

In Step S103, an image point TX' of a transmission point
TX with respect to the reflection surface 1A (structure) of the
reflectarray K is calculated using an imaging method.

In Step S104, the image point TX' and the virtual reception
point VRX are connected to each other with a straight line,
and a point where the straight line and the reflection surface
1A of the reflectarray K intersect to each other is assumed as
a reflection point RP.

In Step S105, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the reflection point RP and the reception point RX to one
another with a straight line.

Second Embodiment of the Present Invention

Next, a propagation path estimation method according to a
second embodiment of the present invention is described with
reference to FIG. 6. Hereinafter, the propagation path estima-
tion method according to the present embodiment is
described by focusing on a difference thereof from a propa-
gation path estimation method according to the first embodi-
ment described above.

As shown in FIG. 6, when the reflection point RP and the
rotation center point O calculated by the propagation path
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estimation method according to the first embodiment do not
match each other, the reception point RX deviates by n° from
the specular reflection direction (normal reflection direction)
about the rotation center point O, whereby a calculation error
occurs.

Therefore, the propagation path estimation method accord-
ing to the present embodiment repeats Steps S101 to S104 of
the propagation path estimation method according to the first
embodiment (see FIG. 5) by changing the rotation center
point O by a specific distance (for example, O-IRP-OI) until
a distance between the reflection point RP and the rotation
center point O becomes a predetermined distance (for
example, d) or less.

Third Embodiment of the Present Invention

A propagation path estimation method according to a third
embodiment of the present invention is described with refer-
ence to FIG. 7 to FIG. 9. Hereinafter, the propagation path
estimation method according to the present embodiment is
described by focusing on a difference thereof from a propa-
gation path estimation method according to the first or the
second embodiment described above.

In Step S201, the image point TX' of the transmission point
TX with respect to the reflection surface 1A (structure) of the
reflectarray K is calculated using the imaging method as
shown in FIG. 7 to FIG. 9.

In Step S202, an n-th rotation center point O,, is calculated.
Here, default of “n” is “1.” For example, a first rotation center
point 0, is a point where a normal line to the reflection surface
1A passing the reception point RX and the reflection surface
1A intersect to each other, and an n-th rotation center point O,
is a point to which a (n—-1)th rotation center point O,,_; is
shifted by As.

In Step S203, an n-th virtual reception point VRXn is
calculated by rotating the reception point RX by 1° about the
rotation center point O, toward a normal line to the reflection
surface 1A of the reflectarray K passing the rotation center
point O, .

In Step S204, the image point TX' and an n-th virtual
reception point VRXn are connected to each other with a
straight line, and a point where the straight line and the
reflection surface 1A of the reflectarray K intersect to each
other is assumed as an n-th reflection point RPn.

In Step S205, it is determined whether or not the conver-
gence condition is satisfied. For example, when a distance
between the n-th rotation center point O,, and the n-th reflec-
tion point RPn is shorter than a threshold value As, it may be
determined that the convergence condition is satisfied.

When determined that the convergence condition is satis-
fied, the process proceeds to Step S207. When determined
that the convergence condition is not satisfied, the process
increments “n” just by “1” in Step S206 and returns to Step
S202.

In Step S207, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the n-th reflection point RPn and the reception point RX
to one another with a straight line.

Fourth Embodiment of the Present Invention

A propagation path estimation method according to a
fourth embodiment of the present invention is described with
reference to FIG. 10. Hereinafter, the propagation path esti-
mation method according to the present embodiment is
described by focusing on a difference thereof from propaga-
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tion path estimation methods according to the first to the third
embodiments described above.

In the propagation path estimation method according to the
present embodiment, an orthogonal coordinate system hav-
ing the X axis direction in a direction of the reflection surface
1A of thereflectarray K and the Y axis direction in a direction
orthogonal to the reflection surface 1A.

The coordinates of respective points are as follows:

The coordinates of the transmission point TX: (a, b)

The coordinates of the image point TX' with respect to the

reflection surface 1A of the transmission point TX: (a,
-b)

The coordinates of the reception point RX: (c, d)

The coordinates of the rotation center point O: (e, 0)

The coordinates of the virtual reception point VRX: (Xvrx,
Yvrx)=(cos(-n°)x(c-e)-sin(-n°)xd+e, sin(-1°)x(c-
e)+cos(—n°)xd)

An equation of a straight line passing (X, ;) and (X, ¥,)

can be expressed as follows:

Y2 =1
X2 — X1

[Math 1]

y-y1 = (x=2x1)

Therefore, an equation of the straight line passing the
image point TX' and the virtual reception point VRX is
expressed by “y—(-b)=((sin(-n°)x(c—e)+cos(-1m°)xd-a)/
(cos(—m°)x(c-e)-sin(-n°)xd—(=b))+e)x(x-a).”

Here, by substituting “y=0,” a value “x” of the x coordinate
of the intersection point can be calculated. (x, 0) are the
coordinates of the reflection point RP.

Accordingly, to have the rotation center point O and the
reflection point RP match each other, “e=x" is substituted in
the above equation. That is, the coordinates of the reflection
point RP can be calculated by calculating a value x from the
equation  “x=b/{((sin(-n°)x(c-x)+cos(-n°)xd-a)/(cos(-
1°)x(c—X)-sin(-n°)xd—(-b))+x)} +a.”

Fifth Embodiment of the Present Invention

A propagation path estimation method according to a fifth
embodiment of the present invention is described with refer-
enceto FIG. 11 and FIG. 12. Hereinafter, the propagation path
estimation method according to the present embodiment is
described by focusing on a difference thereof from propaga-
tion path estimation methods according to the first to the
fourth embodiments described above.

In Step S301, any point on the reflection surface 1A ofthe
reflectarray K is selected as a rotation center point O as shown
in FIG. 11 and FIG. 12.

In Step S302, a virtual transmission point VIX is calcu-
lated by rotating the transmission point TX by 1° about the
rotation center point O toward a normal line to the reflection
surface 1A of the reflectarray K passing the rotation center O.

In Step S303, an image point VI X' of the virtual transmis-
sion point VI X with respect to the reflection surface 1A ofthe
reflectarray K is calculated using the imaging method.

In Step S304, the image point VTX' and the reception point
RX are connected to each other with a straight line, and a
point where the straight line and the reflection surface 1A of
the reflectarray K intersect to each other is assumed as a
reflection point RP.

In Step S305, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the reflection point RP and the reception point RX to one
another with a straight line.
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Sixth Embodiment of the Present Invention

A propagation path estimation method according to a sixth
embodiment of the present invention is described with refer-
ence to FIG. 13 to FIG. 15. Hereinafter, the propagation path
estimation method according to the present embodiment is
described by focusing on a difference thereof from propaga-
tion path estimation methods according to the first to the fifth
embodiments described above.

As shown in FIG. 13, when the reflection point RP and the
rotation center point O calculated by a propagation path esti-
mation method according to the fifth embodiment do not
match each other, a calculation error occurs.

Therefore, the propagation path estimation method accord-
ing to the present embodiment repeats steps of a propagation
path estimation method according to the fifth embodiment
(see FIG. 12) by changing the rotation center point O by a
specific distance (for example, O-IRP-OI or As) until a dis-
tance between the reflection point RP and the rotation center
point O becomes a predetermined distance (for example, 8 or
As) or less.

Specifically, an n-th rotation center point O,, is calculated in
Step S401 as shown in FIG. 14 and FIG. 15. Here, default of
“n” is “1.” For example, a first rotation center point O, is a
point where a normal line to the reflection surface 1A passing
the reception point RX and the reflection surface 1A intersect
to each other, and an n-th rotation center point O,, is a point to
which an (n—-1)th rotation center point O, , is shifted just by
As.

In Step S402, an n-th virtual transmission point VIXn is
calculated by rotating the transmission point TX by 1° about
the rotation center O, toward a normal line to the reflection
surface 1A of the reflectarray K passing the rotation center
point O,,.

In Step S403, an image point VIX'n of an n-th virtual
transmission point VIXn with respect to the reflection sur-
face 1A of'the reflectarray K is calculated using the imaging
method.

In Step S404, the image point VIX'n and the reception
point RX are connected to each other with a straight line, and
apoint where the straight line and the reflection surface 1A of
the reflectarray K intersect to each other is assumed as an n-th
reflection point RPn.

In Step S405, it is determined whether or not the conver-
gence condition is satisfied. For example, when the distance
between an n-th rotation center point O,, and an n-th reflection
point RPn is shorter than a threshold value d or As, it may be
determined that the convergence condition is satisfied.

When determined that the convergence condition is satis-
fied, the process proceeds to Step S407. When determined
that the convergence condition is not satisfied, the process
increments “n” just by “1” in Step S406 and returns to Step
S401.

In Step S407, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the n-th reflection point RPn and the reception point RX
to one another with a straight line.

Seventh Embodiment of the Present Invention

A propagation path estimation method according to a sev-
enth embodiment of the present invention is described with
reference to FIG. 16. Hereinafter, the propagation path esti-
mation method according to the present embodiment is
described by focusing on a difference thereof from propaga-
tion path estimation methods according to the first to the sixth
embodiments described above.
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In the propagation path estimation method according to the
present embodiment, an orthogonal coordinate system hav-
ing the X axis direction in a direction of the reflection surface
1A of thereflectarray K and the Y axis direction in a direction
orthogonal to the reflection surface 1A is used.

Coordinates of respective points are as follows:

Coordinates of transmission point TX: (a, b)

Coordinates of reception point RX: (c, d)

Coordinates of rotation center point O: (e, 0)

Virtual transmission point VIX: (va, vb)=(cos(n®)x(a—e)—
sin(n®)xb+e, sin(m°)x(a-e)+cos(n°)xb)

Coordinates of image point VIX' of virtual transmission
point VIX with respect to reflection surface 1A: (va,
-vb)

Accordingly, an equation of a straight line passing the
image point VTX' and the reception point VRX is expressed
by “y-(-b)=((sin(n°)x(a-e)+cos(n°®)xb-va)/(cos(n°)x(a—-
e)—sin(-1°)x(d—(-vb))+e)x(x-va).”

Here, by substituting “y=0,” a value “x” of the x coordinate
of the intersection point can be calculated. (x, 0) are the
coordinates of the reflection point RP.

Accordingly, to have the rotation center point O and the
reflection point RP match each other, “e=x" is substituted in
the above equation. That is, the coordinates of the reflection
point RP can be calculated by calculating a value x from the
equation “x=b/{((sin(-1°)xc+cos(-1°)xd-a)/(cos(-n°)xc-
sin(-n°)xd-(=b))+x)}+a.”

Eighth Embodiment of the Present Invention

A propagation path estimation method according to an
eighth embodiment of the present invention is described with
reference to FIG. 17. Hereinafter, the propagation path esti-
mation method according to the present embodiment is
described by focusing on a difference thereof from propaga-
tion path estimation methods according to the first to the
seventh embodiments described above.

As shown in FIG. 17, the propagation path estimation
method according to the present embodiment is applied to a
case where radio wave in a propagation path is reflected or
scattered by a structure K1 (first structure) which reflects and
scatters the radio wave in a different direction (8—1))° from the
specular reflection direction 6° and thereafter is reflected or
scattered by a structure K2 (second structure) which reflects
and scatters the radio wave in the specular reflection direction
8°.

The propagation path estimation method according to the
present embodiment is performed in the following steps:

In the first step, using the imaging method, a first image
point TX' of the transmission point TX with respect to the
structure K1 is calculated, and a second image point TX" of
the first image point TX' with respect to the structure K2 is
calculated.

In the second step, a virtual reception point VRX is calcu-
lated by rotating the reception point RX by n° about the
rotation center point O in a direction opposite to a normal line
to the reflection surface 1A of the reflectarray K passing the
rotation center point O. In the third step, the second image
point TX" and the virtual reception point VRX are connected
to each other with a straight line, and a point where the
straight line and the structure K2 intersect with each other is
assumed as a reflection point RP2. Then, the first image point
TX" and the reflection point RP2 are connected to each other
with a straight line, and a point where the straight line and the
structure K1 intersect with each other is assumed as a reflec-
tion point RP1.
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In the fourth step, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the reflection point RP1, the reflection point RP2 and the
reception point RX to one another with a straight line.

When the convergence condition is not satisfied (for
example, when a distance between the rotation center point
and the reflection point RP2 is not shorter than a predeter-
mined distance), the above steps may be repeated by shifting
the rotation center point O until the convergence condition is
satisfied.

Ninth Embodiment of the Present Invention

A propagation path estimation method according to a ninth
embodiment of the present invention is described with refer-
ence to FIG. 18. Hereinafter, the propagation path estimation
method according to the present embodiment is described by
focusing on a difference thereof from a propagation path
estimation methods according to the first to the eighth
embodiments described above.

As shown in FIG. 18, the propagation path estimation
method according to the present embodiment is applied to a
case where radio wave in a propagation path is reflected or
scattered by a structure K1 (first structure) which reflects and
scatters the radio wave in the specular reflection direction 6°
and thereafter is reflected or scattered by a structure K2 (sec-
ond structure) which reflects and scatters the radio wave in a
different direction (8-7))° from the specular reflection direc-
tion 0°.

The propagation path estimation method according to the
present embodiment is performed in the following steps:

In the first step, a virtual transmission point VIX is calcu-
lated by rotating the transmission point TX by 1° toward a
normal line to the reflection surface 1A of the reflectarray K
passing the rotation center point O, about the rotation center
point O.

In the second step, using the imaging method, a first image
point VI'X' ofthe virtual transmission point VIX with respect
to the structure K1 is calculated, and a second image point
VTX' of the first image point VIX" with respect to the struc-
ture K2 is calculated.

In the third step, the second image point VIX" and the
reception point RX are connected to each other with a straight
line, and a point where the straight line and the structure K2
intersect with each other is assumed as RP2. Then, the first
image point VIX' and the reflection point RP2 are connected
to each other with a straight line, and a point where the
straight line and the structure K1 intersect with each other is
assumed as the reflection point RP1.

In the fourth step, the propagation path and the propagation
distance are calculated by connecting the transmission point
TX, the reflection point RP1, the reflection point RP2 and the
reception point RX to one another with a straight line.

When the convergence condition is not satisfied (for
example, when a distance between the rotation center point O
and the reflection point RP1 is not shorter than a predeter-
mined distance), the above steps may be repeated by shifting
the rotation center point O until the convergence condition is
satisfied.

Tenth Embodiment of the Present Invention

A propagation path estimation method according to a tenth
embodiment of the present invention is described with refer-
ence to FIG. 19. Hereinafter, the propagation path estimation
method according to the present embodiment is described by
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focusing on a difference thereof from a propagation path
estimation method according to the first embodiment
described above.

In the propagation path estimation method according to the
present embodiment, the rotational angle n° may be a nega-
tive value as shown in FIG. 19.

That is, in the propagation path estimation method accord-
ing to the present embodiment, the virtual reception point
VRX can be calculated by rotating the reception point RX by
M° in a direction opposite to the normal line to the reflection
surface 1A of the reflectarray K passing the reflection point
RP, about the rotation center point O.

Further, similarly, in a propagation path estimation method
according to the fifth embodiment, the rotational angle 1°
may be a negative value. Alternatively, n° may be a function
of the incident angle 6. That is, in the propagation path esti-
mation method according to the fifth embodiment, the virtual
reception point VIX can be calculated by rotating the trans-
mission point TX by 1° in a direction opposite to the normal
line to the reflection surface 1A of the reflectarray K passing
the reflection point RP, about the rotation center point O.

Further, in the propagation path estimation method accord-
ing to the above embodiment, the virtual reception point
VRX, the virtual transmission point VTX, the rotation center
point O, and the reflection point RP can be obtained per the
propagation path.

In the above embodiments, n° is not limited to a fixed
value, but may be, for example, a value varying according to
the incident angle 6,.

Eleventh Embodiment of the Present Invention

A propagation path estimation method according to an
eleventh embodiment of the present invention is described
with reference to FIG. 20 to FIG. 26. In the present embodi-
ment, a calculation example of the propagation path estima-
tion method is described by using specific values.

FIG. 20 is a diagram illustrating a method for obtaining a
reflection point with respect to the reflection surface 1A of the
reflectarray, showing two-dimensional coordinates with one
end of the reflection surface 1A of the reflectarray as an origin
(0, 0). Assuming that the coordinates of a transmission point
Tx are (0, -30) and the coordinates of a reception point Rx are
(20, -30), an image point Tx' of the transmission point Tx
with respect to the reflection surface 1A of the reflectarray is
created. On this basis, the coordinates of Tx' are (0, 30), and
the coordinates of an intersection point PR1 with the reflec-
tion surface 1A of the reflectarray is (10, 0).

A subsequent step is described with reference to FIG. 21. A
reflection point PR1 is assumed as a first rotation center O,. A
virtual reception point VRx1 is calculated by rotating the
reception point Rx about the rotation center O, . According to
the present embodiment, the rotation angle 1) is assumed as 45
degree. On this basis, the coordinates of a first virtual recep-
tion point VRx1 are (32.28, —-14.14). It can be confirmed that
a distance from the rotation center O, to the reception point
Rx and a distance from the rotation center O, to VRx1 are
31.62 respectively and equal to each other.

A subsequent step is described with reference to F1G. 22. A
point where a straight line connecting the first virtual reflec-
tion Vx1 and the image point Tx' of the transmission point to
each other and the reflection surface 1A of the reflectarray
intersect with each other is assumed as a first reflection point
PR1. On this basis, the coordinates of PR1 are (26.02, 0).

A subsequent step is described with reference to FIG. 23.
The first reflection point PR1 is assumed as a second rotation
center O,. VRx2 is obtained by rotating the reception point
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Rx by 1 (=45 degree) about the second rotation center O,. On
this basis, coordinates of VRx2 are (42.98, -25.47). By
repeating the same step, a second reflection point PR2 is
obtained, and the second reflection point PR2 is used as a
third rotation center O,. As shown in FIG. 24 and FI1G. 25, the
coordinates of PR and Oy are (23.24, 0). VRx3 is obtained by
rotating Rx by 45 degrees about the rotation center O;. By
repeating the same step in such a manner, the coordinates of
the reflection point PR are converged. According to the
present embodiment, the convergence condition of the dis-
tance is €<0.03.

FIG. 26 shows a convergence state of the distance from the
rotation point to the reflection point. In FIG. 26, the vertical
axis represents a distance between an n-th reflection point
PRn and an (n+1)th reflection point PR(n+1), and the hori-
zontal axis represents the number of trials. It is understood
that the coordinates of the reflection point are converged
rapidly by increasing the number of trials.

Twelfth Embodiment of the Present Invention

A propagation path estimation method according to a
twelfth embodiment of the present invention is described with
reference to FIG. 27 to FIG. 32. In the present embodiment, a
calculation example of the propagation path estimation
method is described by using specific values.

However, it is assumed that reflection angle 6 =specular
reflection direction 0,1 (=70°). As the convergence condi-
tion, it is assumed that convergence has been achieved when
a distance between an n-th rotation point O,, and the reflection
point PR, becomes shorter than € (=0.01), and then calcula-
tion completes.

FIG. 27 is a diagram illustrating a method for obtaining a
reflection point with respect to the reflection surface 1A of the
reflectarray, showing two-dimensional the coordinates with
the reflection surface 1A of the reflectarray provided on an
x0z surface. Assuming that the coordinates of the transmis-
sion point Tx are (0, 3) and the coordinates of the reception
point Rx are (5, 5), an image point Tx' of the transmission
point Tx with respect to the reflection surface 1A of the
reflectarray is created. At that time, the coordinates of Tx' are
(0, =3).

FIG. 28 is a diagram for explaining a method for obtaining
afirstrotation point O, . The first rotation point O, may be any
point on the x axis. However, the rotation point will be
selected in such a manner that a rotated virtual reflection point
is not at a position lower than the reflection plate or angle
condition of the rotation point bringing a negative y coordi-
nate ZRxO1x (=y)=n is satisfied.

When the rotation point O, is (1,0), the angle y (=51.34°) is
smaller than the rotation angle 1) (=70°). In this case, since the
angle does not satisfy the angle condition of the rotation
point, the rotation point O, must be obtained again. When the
rotation point O, is (7, 0), the angle y (=111.8°) is larger than
the rotation angle) n (=70°). In this case, since the angle
satisfies the angle condition of the rotation point, a first rota-
tion point is assumed as (7, 0).

FIG. 29 is a diagram for explaining a step of calculating a
first virtual reception point VRx1 and a first reflection point
PR1.VRx1 is avalue obtained by rotating Rx clockwise by an
angle(=70°) about O,. Atthat time, the coordinates of VRx1
are (11.01, 3.59). Further, the first reflection point PR1 is
calculated by connecting VRx and Tx' to each other. At that
time, the coordinates of PR1 are (5.01, 0). Since a distance
between PR1 and O, is 1.99 and larger than € (=0.01), a
second rotation point O, is calculated.
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FIG. 30 is a diagram for explaining a step of calculating the
second rotation point O,, a virtual reception point VRx2, and
a reflection point PR2. Assuming that a midpoint between O,
and PR1 is the rotation point O,, the coordinates of O, are
(6.01, 0).

Further, since the angle y (=101.39°) is larger than the
rotation angle m, the angle condition of the rotation point is
satisfied. VRX2 is a point obtained by rotating Rx clockwise
by m°, about the rotation point O. At that time, the coordinates
of VRx2 are (10.36, 2.66). Further, a reflection point PR2 is
calculated by connecting VRx2 and Tx' to each other, and
(5.5, 0) is obtained as the coordinates of PR2.

Since the distance between PR2 and O, is 0.51 and longer
than e, the convergence condition is not satisfied. Therefore,
a third rotation point O, a virtual reception point VRx3, and
a reflection point PR3 are calculated consecutively. Calcula-
tion is made consecutively by repeating these steps until the
convergence condition is satisfied. In a same manner, steps of
calculating third and fourth rotation points, virtual reception
points and reflection points are repeated. At that time, respec-
tive the coordinates are O, (5.75,0), VRx3 (10.19,2.42), PR3
(5.65,0),0,4(5.7,0), VRx4 (10.16, 2.37), and PR4 (5.68, 0).
Distance from O, to PR3 and distance from O, to PR4 are
0.11 and 0.02 respectively (relevant diagram is omitted).

FIG. 31 is a diagram showing the coordinates of a con-
verged rotation point, a virtual reception point, and a reflec-
tion point. The convergence state corresponds to completion
of calculation of a fifth reflection point, with O (5.69, 0),
VRx5(10.15,2.36), and PR5 (5.68, 0). At that time, a distance
between PR5 and O is 0.004 and not longer than €. Further,
an incident angle 6, and a reflection angle 0, are 62.18° and
-7.8° respectively.

FIG. 32 shows a convergence state of the distance from the
rotation point to the reflection point. The vertical axis repre-
sents the distance from an n-th rotation point O, to an n-th
reflection PRn, and the horizontal axis represents the number
of'trials. Itis understood that the distance is converged rapidly
as the distance between the rotation point O,, and the reflec-
tion point PRn becomes shorter by increasing the number of
trials.

Thirteenth Embodiment of the Present Invention

A propagation path estimation method according to a thir-
teenth embodiment of the present invention is described with
reference to FIG. 33 to FIG. 38. In the present embodiment, a
calculation example of the propagation path estimation
method is described by using specific values.

In the present embodiment, it is assumed that an incident
angle 0,, a reflection angle 6,, and a rotation angle n satisfy
the following conditions:

sin(6,)=sin(8;)-sin(6,) (€8]

@

Here, when 6, is a fixed angle of 70°, the rotation angle 1
is a function of the incident angle 0,. As the convergence
condition, it is assumed that convergence is achieved when a
distance between an n-th rotation point O,, and an n-th reflec-
tion point PRn becomes shorter than e (=0.01), and then
calculation completes.

FIG. 33 is a diagram illustrating a method for obtaining a
reflection point with respect to the reflection surface 1A of the
reflectarray, showing two-dimensional coordinates with the
reflection surface 1A of the reflectarray provided on an xOz
surface. Assuming that the coordinates of the transmission
point Tx are (0, 3) and the coordinates of the reception point

6,=0,~m,,
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Rx are (5, 5), an image point Tx' of the transmission point Tx
with respect to the reflection surface 1A of the reflectarray is
created. Coordinates of Tx' thus obtained are (0, -3).

FIG. 34 is a diagram for explaining a method for obtaining
afirstrotation point O, . The first rotation point O, may be any
point on the x axis. However, the rotation point will be
selected in such a manner that a rotated virtual reflection point
is not at a position lower than the reflection plate or an angle
condition of the rotation point bringing to a negative y coor-
dinate ZRxO1x (=y)=n,, is satisfied.

When the rotation point O, is (1, 0), the incident angle 6, is
18.44°. By substituting in the conditions (1) and (2), the
reflection angle Or of =33.57° and the rotation angle m, of
57.00° can be obtained. At that time the angle y is 51.34°.
Since the angle does not satisfy the angle condition of the
rotation point (yz1),,), it is necessary to obtain the rotation
angle O, again. When the rotation point O, is (7, 0), the
incident angle 6,, the reflection angle 6r, and the rotation
angle m, are 66.8°, —111.8°, and 67.98° respectively. Since
the angle y (=1.8° is larger than the rotation angle m,
(=67.98°), the condition of the rotation point is satisfied.
Therefore, a first rotation point is assumed as O, (7, 0).

FIG. 35 is a diagram for explaining steps of calculating a
first virtual reception point VRx1 and a first reflection point
PR1. VRx1 is a point obtained by rotating Rx clockwise by
the rotation angle m; (=67.98) about O,. At that time, the
coordinates of VRx1 are (10.89, 3.73). Further, the first
reflection point PR1 is calculated by connecting VRx and Tx'
to each other. Coordinates of PR1 thus obtained are (4.85, 0).
Since distance between PR1 and O, is 2.147 and larger than €
(=0.01), a second rotation point O, is calculated.

FIG. 36 is a diagram for explaining steps of calculating the
second rotation point O,, a virtual reception point VRx2, and
a reflection point PR2. Assuming that a midpoint between the
rotation point O, and the reflection point PR1 is the rotation
point O,, the coordinates of O, are (5.93, 0).

Further, since the angle y (=100.5°) is larger than the rota-
tion angle m, (65.78, 0), the angle condition of the rotation
point is satisfied. VRx2 is a point obtained by rotating Rx
clockwise by 1),, about the rotation point O,. At that time, the
coordinates of VRx2 are (10.11, 2.39). Further, a reflection
point PR2 is calculated by connecting VRx2 and Tx' to each
other, and (5.15, 0) is obtained as the coordinates of PR2.

Since distance between PR2 and O, is 0.78 and longer than
€, a third rotation point O, a third virtual reception point
VRx3, and a third reflection point PR3 are calculated con-
secutively. Calculation is made consecutively by repeating
these steps until the convergence condition is satisfied. As a
result, the coordinates of third, fourth and fifth rotation points,
virtual reception points and reflection points are as follows:

0, (5.54, 0), VRx3 (9.84, 2.6), PR3 (5.27, 0)

0, (5.41, 0), VRx4 (9.75, 2.5), PR4 (5.32, 0)

0O; (5.36, 0), VRX5 (9.72, 2.47), PR5 (5.33, 0)

Distances O;PR3, 0,PR4,and O,PT5 are 0.265,0.088, and
0.029, respectively (diagrams for the third to fifth calculations
are omitted).

FIG. 37 is a diagram showing the coordinates of the con-
verged rotation point, the virtual reception point, and the
reflection point. The convergence state corresponds to calcu-
lation completion of a sixth reflection, with Oy (5.35, 0),
VRx6 (9.71, 2.46), PR6 (5.33, 0). At that time distance
between PR6 and O is 0.01 and not longer than e. Further, an
incident angle 0, and a reflection angle 0, are 60.66° and
-3.86° respectively.

FIG. 38 is a diagram showing a convergence state of a
distance from the rotation point to the reflection point. The
vertical axis represents an n-th rotation point O,, and an n-th
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reflection point PRn, and the horizontal axis represents the
number of trials. Itis understood that convergence is achieved
rapidly as the distance between the rotation point O,, and the
reflection point PRn becomes shorter by increasing the num-
ber of trials.

Fourteenth Embodiment of Present Invention

A propagation path estimation method according to a four-
teenth embodiment of the present invention is described with
reference to FIG. 39 to FIG. 46. In the present embodiment, a
calculation example of the propagation path estimation
method is described by using specific values.

FIG. 39 is a diagram for explaining a method for obtaining
a propagation path when reflection occurs two times on two
reflection surfaces including a reflection surface of the reflec-
tarray, showing two-dimensional coordinates with one end of
the reflection surface 1A of the reflectarray as an origin (0, 0).
Specifically, FIG. 39 shows calculation results of one reflec-
tion each on two reflection surfaces or two reflections in total
from the transmission point Tx by assuming the coordinates
of'the transmission point Tx as (0, =100), and the coordinates
of the reception point Rx as (40, —40).

Here, a first reflection surface is assumed to be the reflec-
tion surface 1A of the reflectarray, and a second reflection
surface is assumed to be a wall surface of normal reflection.
An image point Tx' of the transmission point Tx with respect
to a reflection surface 1B and an image point Tx" of Tx' with
respect to a reflection surface 1A are created. At that time, the
coordinates of Tx" are (-60, —100). A first rotation center O,
is selected at any point on the reflection surface 1A.

According to the present embodiment, the first rotation
center O, is assumed as (20,0). A virtual reception point
VRx1 is calculated by rotating the reception point Rx about
the first rotation center O,. According to the present embodi-
ment, the rotation angle 1) is assumed as 45 degree. On this
basis, the coordinates of the first virtual reception point VRx1
are (62.43, -14.14). It can be confirmed that a distance from
the rotation center O, to the reception point Rx and a distance
from the rotation center O, to VRx1 are 44.72 respectively
and are equal to each other.

A subsequent step is described with reference to FIG. 40.
An intersection point between a straight line connecting the
first virtual reflection point Vx1 and a second reflection image
point Tx" of the transmission point to each other and the
reflection surface 1A of the reflectarray is assumed as a first
reflection point PR1. On this basis, the coordinates of PR1 are
(47.26, 0).

An intersection point with a second reflection surface 1B is
obtained as an intersection point between a straight line con-
necting the first reflection point PR1 and an image point Tx' of
the transmission point Tx with respect to a reflection surface
1B to each other and a reflection surface 1B. On this basis, the
coordinates of the reflection point are (=30, -72.03). VRx2 is
obtained by rotating the reception point Rx by n (=45
degrees), about the second rotation point O,. Coordinates of
VRx2 thus obtained are (70.41, -33.42). In a same manner, a
second reflection point PR2 is obtained. The second reflection
point PR2 thus obtained is used as a third rotation center O,.
Coordinates of PR2 and O; are (37.75, 0). In a same manner,
a virtual reception point VRx3 is obtained by rotating Rx by
45 degrees about the rotation center O, as shown in FIG. 41.
Coordinates of a reflection point PRn are converged by
repeating same steps as shown in FIG. 42 and FIG. 43.

FIG. 44 is a convergence state after an 8th rotation. An
incident angle to the reflection surface 1A of the reflectarray
is 45.00 degrees, and a reflection angle from a reflection point
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PR8 to a reflection point RX is 0 degrees with respect to the
normal direction to the reflection surface. This angle is the
same as an angle when direction control is made to 45 degrees
counterclockwise with respect to a normal reflection direc-
tion of 45 degrees, showing that convergence is achieved to
the calculation result of a propagation path desired to be
obtained finally.

FIG. 45 and FIG. 46 show a convergence state of the
reflection points and a convergence state of a difference
between the reflection points. The vertical axis of FIG. 45
represents the x coordinate of a reflection surface on the
reflection surface 1A of the reflectarray, and the vertical axis
of FIG. 46 is the distance from an n-th reflection point PRn to
an (n+1)th reflection point PR(n+1). The horizontal axis rep-
resents the number of trials. It is understood that the coordi-
nates of reflection points are converged rapidly by increasing
the number of trials.

Fifteenth Embodiment of Present Invention

A propagation path estimation method according to a fif-
teenth embodiment of the present embodiment is described
with reference to FIG. 47 to FIG. 56. In the present embodi-
ment, a calculation example of the propagation path estima-
tion method is described by using specific values.

FIG. 47 is a diagram for explaining a method for obtaining
a propagation path when reflection occurs two times on two
reflection surfaces including a reflection surface of the reflec-
tarray, showing two-dimensional the coordinates with one
end of the reflection surface 1A of the reflectarray as an origin
(0, 0). This is a calculation result of one reflection each on two
reflection surfaces or two reflections in total from the trans-
mission point Tx, with the coordinates of the transmission
point Tx at (0, =100), and the coordinates of the reception
point Rx at (30, —40). According to the present embodiment,
the rotation angle 1 of reflection is assumed to be 70 degree.

A first reflection surface is assumed as the reflection sur-
face 1A of the reflectarray, and a second reflection surface is
assumed as a wall surface of normal reflection. An image
point Tx' of the transmission point Tx with respect to a reflec-
tion surface 1B and an image point Tx" of Tx' with respect to
the reflection surface 1A are created. Coordinates of Tx" thus
obtained are (-60, —100). A first rotation center O, is selected
at any point on the reflection surface 1A.

According to the present embodiment, the coordinates of a
first rotation center O, are assumed to be (20, 0). A virtual
reception point VRx1 is calculated by rotating the reception
point Rx about the first rotation center O, . Coordinates of the
first virtual reception point VRx1 thus obtained are (61.01,
-4.28). It can be confirmed that a distance from the rotation
center O, to the reception point Rx and a distance from the
rotation center O, to VRx1 are 41.23 respectively and are
equal to each other.

An intersection point between a straight line connecting
the first virtual reflection point Vx1 and a second reflection
image point Tx" of the transmission point to each other and
the reflection surface 1A of the reflectarray is assumed as a
first reflection point PR1. On this basis, the coordinates of
PR1 are (44.76,0). An intersection point with a second reflec-
tion point 1B is obtained as an intersection point between the
reflection surface 1B and a straight line connecting the first
reflection point PR1 and the image point Tx' of the transmis-
sion point Tx with respect to the reflection surface 1B to each
other.

A subsequent step is described with reference to FIG. 48.
The first reflection point PR1 is used as a second rotation
center O,. Vrx2 is obtained by rotating the reception point Rx
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by 1 (=70 degree) about the second rotation center O,. The
coordinates of VRx2 thus obtained are (84.72, -38.15). By
performing same steps, a second reflection point PR2 is
obtained. The second reflection point PR2 is used as a third
rotation center O;. The coordinates of PR2 and O, thus
obtained are (44.76, 0).

In the same manner, the virtual reception point Rx3 is
obtained by rotating Rx about the rotation center O, as shown
in FIG. 49. By repeating same steps, the coordinates of a
reflection point PRn are converged as shown in FIG. 50 to
FIG. 53.

FIG. 54 shows a convergence state after an 8th rotation.
Rotation angle of an original reception point Rx matches
70.00 degrees clockwise from the virtual reception point
VRx, which is a reception point when reflection of the reflec-
tarray is the normal reflection. This shows that the coordinates
are converged to the calculated propagation path desired to be
obtained finally.

FIG. 55 and FIG. 56 show a convergence state of reflection
points and a convergence state of a difference between the
reflection points respectively. The vertical axis of FIG. 55
represents the x coordinate of a reflection point on the reflec-
tarray reflection surface 1A in an n-th trial, and the vertical
axis of FIG. 56 represents the distance between an n-th reflec-
tion point PRn and an (n+1)th reflection point PR(n+1). The
horizontal axis represents the number of trials n. It is under-
stood that the coordinates of the reflection points are con-
verged rapidly by increasing the number of trials.

Aspects of the embodiments described above may be
expressed as follow.

A first aspect of the present embodiment (aspects of the
first to the fourth embodiments) is a propagation path estima-
tion method using an imaging method, which is summarized
in that: the method includes a step of, in a case where a
structure which causes reflection and scattering in a different
direction (8-m))° from a specular reflection direction 6° exists
ona propagation path from a transmission pointto a reception
point RX of the radio wave, calculating a virtual reception
point VRX by rotating the reception point RX by n° about a
rotation center point O, and estimating the propagation path
by using the virtual reception point VRX.

According to the first aspect of the present embodiment (an
aspect of the first embodiment), the step mentioned above
may include a step A of calculating an image point TX' of the
transmission point TX with respect to the structure by using
the imaging method; a step B of calculating the rotation center
point O; a step C of calculating the virtual reception point
VRX by rotating the reception point RX by 1° about the
rotation center point O; and a step D of calculating the reflec-
tion point RP of the radio wave on the structure by using the
image point TX' and the virtual reception point VRX.

According to the first aspect of the present embodiment (an
aspect of the second embodiment), the step mentioned above
may include a step A of calculating an image point TX' of the
transmission point TX with respect to the structure by using
the imaging method; a step B of calculating the rotation center
point O; a step C of calculating the virtual reception point
VRX by rotating the reception point RX by 1° about the
rotation center point O; a step D of calculating the reflection
point RP ofthe radio wave on the structure by using the image
point TX' and the virtual reception point VRX; and a step E of
updating the rotation center point O to “O-IRP-OI” when a
distance between the reflection point RP and the rotation
center point O does not satisfy a convergence condition,
wherein the steps B to E may be repeated until the distance
between the reflection point RP and the rotation center point
O satisfies the convergence condition.
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According to the first aspect of the present embodiment (an
aspect of the third embodiment), the step mentioned above
may include a step A of calculating an image point TX' of the
transmission point TX with respect to the structure by using
the imaging method; a step B of calculating the rotation center
point O; a step C of calculating the virtual reception point
VRX by rotating the reception point RX by m° about the
rotation center point O; a step D of calculating a reflection
point RP of the radio wave on the structure by using the image
point TX' and the virtual reception point VRX, a step E of
updating the rotation center point O to “O-As” when a dis-
tance between the reflection point RP and the rotation center
point O does not satisfy a convergence condition,

wherein the steps B to E may be repeated until the distance
between the reflection point RP and the rotation center point
O satisfies the convergence condition.

According to the first aspect of the present embodiment (an
aspect of the fourth embodiment), the step mentioned above
may include a step of calculating a value X, in an orthogonal
coordinate system whose x axis direction is a direction par-
allel to a reflection surface of the structure and whose y
direction is a direction orthogonal to the reflection surface,
from an equation of “x=b/{((sin(-1°)x(c-x)+cos(-n°)xd-
a)/(cos(-M°)x(c—x)-sin(-n°)xd—(~b))+x)}+a,” where (a, b)
represents the coordinates of the transmission point TX, (a,
-b) represents the coordinates of the image point TX' with
respect to the reflection surface of the transmission point TX,
(c, d) represents the coordinates of the reception point RX,
and (x, 0) represents the coordinates of the rotation center
point O and the reflection point RP of radio wave on the
structure.

A second aspect of the present embodiment (aspects of the
fifth to the seventh embodiments) is a propagation path esti-
mation method using an imaging method, which is summa-
rized in that the method includes a step of, in a case where a
structure which causes reflection and scattering in a different
direction (8-m)° from a specular reflection direction 6° exists
on a propagation path from a transmission point to a reception
point RX of the radio wave, calculating a virtual transmission
point VTX by rotating the transmission point TX by n°® about
arotation center point, and estimating the propagation path by
using the virtual transmission point VIX.

According to the second aspect of the present embodiment
(an aspect of the fifth embodiments), the step mentioned
above may include a step A of calculating the rotation center
point O; a step B of calculating the virtual transmission point
VTX by rotating the transmission point TX by n° about the
rotation center point; a step AC of calculating an image point
VTX' of the virtual transmission point VIX' with respect to
the structure; and a step D of calculating a reflection point RP
of the radio wave on the structure by using the image point
VTX' and the reception point RX.

According to the second aspect of the present embodiment
(an aspect of the sixth embodiments), the step mentioned
above may include a step A of calculating the rotation center
point O; a step B of calculating the virtual transmission point
VTX by rotating the transmission point TX by n° about the
rotation center point O; a step AC of calculating an image
point VI'X' ofthe virtual transmission point VIX with respect
to the structure by using the imaging method; a step D of
calculating the reflection point RP of the radio wave on the
structure by using the image point VIX' and the reception
point RX; and a step E of updating the rotation center point O
to “O-IRP-0I” when a distance between the reflection point
RP and the rotation center point O does not satisfy a conver-
gence condition, wherein the steps A to E may be repeated
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until the distance between the reflection point RP and the
rotation center point O satisfies the convergence condition.

According to the second aspect of the present embodiment
(an aspect of the sixth embodiments), the step mentioned
above may include a step A of calculating the rotation center
point Oj; a step B of calculating the virtual transmission point
VTX by rotating the transmission point TX by n° about the
rotation center point O; a step C of calculating an image point
VTX' of the virtual transmission point VIX with respect to
the structure by using the imaging method; a step D of cal-
culating the reflection point RP of the radio wave on the
structure by using the image point VIX' and the reception
point RX; and a step E of updating the rotation center point O
to “O-As” when a distance between the reflection point RP
and the rotation center point O does not satisfy a convergence
condition, wherein the steps A to E may be repeated until the
distance between the reflection point RP and the rotation
center point O satisfies the convergence condition.

According to the second aspect of the present embodiment
(an aspect of the seventh embodiment), the step mentioned
above may include a step of calculating a value x, in an
orthogonal coordinate system whose x axis direction is a
direction parallel to a reflection surface of the structure and
whose y direction is a direction orthogonal to the reflection
surface, from a formula of “vb=((sin(-m°)xc+cos(-n°)xd-
va/(cos(-1°)xc—sin(-n°)xd—-(-vb))+x)x(x—-va)),” where (a,
b) represents the coordinates of the transmission point TX, (c,
d) represents the coordinates of the reception point RX, (x, 0)
represents the coordinates of the rotation center point O and
the reflection point RP of the radio wave on the structure, and
(va (=cos(—m°)x(a—x)—(sin(n°)xb+x), vb (=sin(n°)x(a-x)+
cos(m*)xb)) represents the coordinates of the virtual trans-
mission point VTX.

A third aspect of the present embodiment (an aspect of the
eighth embodiment) is a propagation path estimation method
summarized in that the method includes: in a case where radio
wave is reflected or scattered by a structure K1 (a first struc-
ture) which reflects and scatters the radio wave in a different
direction (6-m)° from a specular reflection direction 6%, and
then is reflected or scattered by a structure K2 (a second
structure) which reflects and scatters the radio wave in the
specular reflection direction 6°, calculating a first image point
TX' of a transmission point TX with respect to the structure
K1 and calculating a second image point TX" of the first
image point TX' with respect to the structure K2 by using an
imaging method; calculating a virtual reception point VRX
by rotating a reception point RX by n° about a rotation center
point O; and estimating a propagation path by using the
second image point TX" and the virtual reception point VRX.

A fourth aspect of the present embodiment (an aspect of the
ninth embodiment) is a propagation path estimation method
summarized in that the method includes: in a case where radio
wave is reflected or scattered by a structure K1 (a first struc-
ture) which reflects and scatters the radio wave in a specular
reflection direction 8° and then is reflected or scattered by a
structure K2 (a second structure) which reflects and scatters
the radio wave in a different direction (6—m)° from the specu-
lar reflection direction 6°, calculating a virtual reception point
VTX by rotating a transmission point TX by m° about a
rotation center point O; calculating a first image point TX' of
the virtual transmission point VIX with respect to the struc-
ture K1 and calculating a second image point TX" of the first
image point TX' with respect to the structure K2 by using an
imaging method; and estimating a propagation path by using
the second image point TX" and a reception point RX.
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A fifth aspect of the present embodiment is a program or an
apparatus causing a computer to implement the propagation
path estimation method on a computer.

In other words, the propagation path estimation method
may be implemented by hardware, a software module run by
a processor, or a combination thereof.

The software module may be provided in a storage medium
of any type including RAM (Random Access Memory), flash
memory, ROM (Read Only Memory), EPROM (Erasable
RProgrammable ROM), EEPROM (Electrically Erasable and
RProgrammable ROM), register, hard disk drive, removable
disk, and CD-ROM.

The storage medium is connected to the processor in such
a manner that the processor can read and write information
from and into the storage medium. Instead, the storage
medium may be incorporated in the processor. Further, the
storage medium may be provided inside ASIC.

Although the present invention is described in detail with
reference to the above embodiments, it is apparent to those
skilled in the art that the present invention is not limited to the
embodiments described herein. The present invention may be
implemented by a modification or an alteration without
departing from the spirit and the scope defined in the claims.
Accordingly, the description herein is intended for illustrative
description purpose without limiting the present invention.

Japanese Patent Application Publication No. 2009-278045
(filed on Dec. 7, 2009) is fully incorporated herein by refer-
ence.

INDUSTRIAL APPLICABILITY

The present invention provides a propagation path estima-
tion method, program and apparatus that are capable of esti-
mating a propagation path in a propagation analysis model
including a directional scatterer and of performing a ray trace
analysis and an analysis applying a geometric-optical model.
Therefore, the present invention is useful in a wireless com-
munication and the like.

EXPLANATION OF REFERENCE NUMERALS

K ... Reflectarray

1A ... Reflection surface

TX ... Transmission point

VTX ... Virtual transmission point
RX ... Reception point

VRX . . . Virtual reception point

The invention claimed is:

1. A propagation path estimation method carried out by an
apparatus, the propagation method using an imaging method,
the propagation path estimation method comprising:

transmitting a radio wave by a transmitter;

reflecting and scattering the radio wave in a different direc-

tion (6-m)° from a specular reflection direction 6° on a
propagation path by a reflect array structure on the
propagation path;

receiving, at a reception point RX, the radio wave reflected

and scattered in the different direction by a receiver;
rotating virtually the reception point RX by m° about a
rotation center point O by a processor of the apparatus,
the processor coupled to a storage medium that is pro-
vided inside application specific integrated circuit
(ASIC) and the processor reading and writing informa-
tion from and into the storage medium for the rotating;

determining, by the processor, a reflection point RP of the
radio wave on the reflect array structure based on the
rotating;
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updating, by the processor, the rotation center point O
when a distance between the reflection point RP and the
rotation center point O does not satisfy a convergence
condition;

repeating, by the processor, the rotating and determining
until the convergence condition is satisfied;

estimating, by the processor, the propagation path of the
radio wave when the convergence condition is satisfied;
and

applying, by the processor, the estimated propagation path
to provide a required communication link quality in a
wireless communication system.

2. The propagation path estimation method according to

claim 1, the method further comprising:

a step A of calculating an image point TX' of a transmission
point TX with respect to the reflect array structure by
using the imaging method;

a step B of calculating the rotation center point O; and

a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point TX" and a virtual reception point VRX calculated
by the virtual rotation of the reception point RX.

3. The propagation path estimation method according to

claim 1, the method further comprising:

a step A of calculating an image point TX' of a transmission
point TX with respect to the reflect array structure by
using the imaging method;

a step B of calculating the rotation center point O;

a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point TX" and a virtual reception point VRX calculated
by the virtual rotation of the reception point RX;

astep D of updating the rotation center point O to “O-IRP-
OI” when the distance between the reflection point RP
and the rotation center point O does not satisfy a con-
vergence condition,

wherein the steps B to D are repeated until the distance
between the reflection point RP and the rotation center
point O satisfies the convergence condition.

4. The propagation path estimation method according to

claim 1, the method further comprising:

a step A of calculating an image point TX' of a transmission
point TX with respect to the reflect array structure by
using the imaging method;

a step B of calculating the rotation center point O;

a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point TX" and a virtual reception point VRX calculated
by the virtual rotation of the reception point RX; and

a step D of updating the rotation center point O to “O-As”
when the distance between the reflection point RP and
the rotation center point O does not satisfy a conver-
gence condition, As being a threshold value,

wherein the steps B to D are repeated until the distance
between the reflection point RP and the rotation center
point O satisfies the convergence condition.

5. The propagation path estimation method according to
claim 1, wherein the method further comprises a step of
calculating a value x, in an orthogonal coordinate system
whose x axis direction is a direction parallel to a reflection
surface of the reflect array structure and whose y direction is
a direction orthogonal to the reflection surface, from an equa-
tion of “x=b/{((sin(-n°)x(c-x)+cos(-1°)xd—(~b))/(cos(~
1°)x(c—x)-sin(-n°)xd-a)+x)}+a,” where (a, b) represents
coordinates of a transmission point TX, (a, -b) represents
coordinates of an image point TX' with respect to the reflec-
tion surface of a transmission point TX, (c, d) represents



US 9,337,942 B2

23

coordinates of the reception point RX, and (x, 0) represents
coordinates of the rotation center point O and the reflection
point RP of radio wave on the reflect array structure.

6. A propagation path estimation method carried out by an
apparatus, the propagation method using an imaging method,
the propagation path estimation method comprising:

transmitting a radio wave by a transmitter;

reflecting and scattering the radio wave in a different direc-
tion (8-n)° from a specular reflection direction 6° on a
propagation path by a reflect array structure on the
propagation path;

receiving, at a transmission point TX, the radio wave
reflected and scattered in the different direction by a
receiver;,

rotating virtually the transmission point TX by n°® about a
rotation center point O by a processor of the apparatus,
the processor coupled to a storage medium that is pro-
vided inside application specific integrated circuit
(ASIC) and the processor reading and writing informa-
tion from and into the storage medium for the rotating;

determining, by the processor, a reflection point RP of the
radio wave on the reflect array structure based on the
rotating;

updating, by the processor, the rotation center point O
when a distance between the reflection point RP and the
rotation center point O does not satisfy a convergence
condition;

repeating, by the processor, the rotating and determining
until the convergence condition is satisfied;

estimating, by the processor, the propagation path of the
radio wave when the convergence condition is satisfied;
and

applying, by the processor, the estimated propagation path
to provide a required communication link quality in a
wireless communication system.

7. The propagation path estimation method according to

claim 6, the method further comprising:

a step A of calculating the rotation center point O;

a step B of calculating an image point VIX' of a virtual
transmission point VIX calculated by the virtual rota-
tion of the transmission point TX with respect to the
reflect array structure; and

a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point VIX' and a reception point RX.

8. The propagation path estimation method according to

claim 6, the method further comprising:

a step A of calculating the rotation center point O;

a step B of calculating an image point VIX' of a virtual
transmission point VIX calculated by the virtual rota-
tion of the transmission point TX with respect to the
reflect array structure by using the imaging method;
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a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point VTX' and a reception point RX; and

astep D of updating the rotation center point O to “O-IRP-
OI” when the distance between the reflection point RP
and the rotation center point O does not satisfy a con-
vergence condition,

wherein the steps A to D are repeated until the distance
between the reflection point RP and the rotation center
point O satisfies the convergence condition.

9. The propagation path estimation method according to

claim 6, the method further comprising:

a step A of calculating the rotation center point O;

a step B of calculating an image point VIX' of a virtual
transmission point VIX calculated by the virtual rota-
tion of the transmission point TX with respect to the
reflect array structure by using the imaging method;

a step C of calculating the reflection point RP of the radio
wave on the reflect array structure by using the image
point VTX' and a reception point RX; and

a step D of updating the rotation center point O to “O-As”
when the distance between the reflection point RP and
the rotation center point O does not satisfy a conver-
gence condition, As being a threshold value,

wherein the steps A to D are repeated until the distance
between the reflection point RP and the rotation center
point O satisfies the convergence condition.

10. The propagation path estimation method according to
claim 6, where the method comprises a step of calculating a
value x, in an orthogonal coordinate system whose x axis
direction is a direction parallel to a reflection surface of the
reflect array structure and whose y direction is a direction
orthogonal to the reflection surface, from a formula of “~vb=
((sin(-M*)x(a—x)+cos(-n°)xb—-d/(cos(-n°)x(a—x)-sin(-
N°)xb+x—c)x(x—va)),” where (a, b) represents coordinates of
the transmission point TX, (c,d) represents coordinates of a
reception point RX, (x, 0) represents coordinates of the rota-
tion center point O and the reflection point RP of the radio
wave on the reflect array structure, and (va (=cos(-n°)x(a-
X)—(sin(m®)xb+x), vb (=sin(m°)x(a—x)+cos(1°)xb)) repre-
sents coordinates of a virtual transmission point VIX calcu-
lated by the virtual rotation of the transmission point TX.

11. The propagation path estimation method according to
any one of claims 1 to 10, wherein the 1° is a function of the
8°.

12. A non-transitory computer readable medium storing a
computer readable program thereon that, when executed by a
computer, causes the computer to perform the propagation
path estimation method according to claim 1.

13. An apparatus causing a computer to implement the
propagation path estimation method according to claim 1.
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